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CHAPTER 1. GENERAL INTRODUCTION 
Background 
Anaerobic digestion offers substantial economic benefits from reduced sludge 
production, lower nutrients and energy requirements. It plays a dual role of converting 
organic wastes into valuable byproducts e.g. soil conditioners, biofertilizers and biogas, and 
reducing the environmental pollution associated with haphazard disposal of untreated wastes. 
Researchers have studied the anaerobic digestibility of different high solids feedstock, e.g. 
sewage sludge (primary solids and/or waste activated sludge), agricultural residuals, animal 
manures, food processing residuals etc. Abroad array of anaerobic digestion systems has 
been studied for the treatment of these wastes. Majority of these digestion systems operate at 
mesophilic temperatures (35-40°C). Though effective in reducing the organic content of 
wastes, studies have reported the survival of pathogens at mesophilic temperatures (Kearney 
et al., 1993). The recently implemented 40 CFR Part 503 federal regulations by US EPA, 
which classify biosolids as Class A or Class B based on the density (numbers/unit mass) of 
pathogens, restrict the land application or surface disposal of biosolids based on pathogen 
levels. To meet Class A standards, fecal coliform and Salmonella sp. densities in the 
biosolids should be less than 1,000 MPN/g of TS and 3 MPN/4 g of TS, respectively (US 
EPA, 1992, 1994). 
The mesophilic anaerobic digestion systems can achieve only limited destruction of 
pathogens thereby restricting the beneficial use of biosolids, which significantly affects the 
sustainability and cost-effectiveness of the process. Besides, the recalcitrant organics in food 
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waste may only be partially degraded at mesophilic temperature. The oil and grease 
biodegradation of high fat-content waste streams such as post-consumer food waste streams 
rich in meats, dairy products and fatty greases is regarded as rate limiting step in a mesophilic 
anaerobic digestion. From these perspectives, there is a need for new and improved 
anaerobic system if the digestibility and biogas potential of the waste streams are to be fully 
realized. 
Among the innovative advanced digestion systems, the TPAD system developed at 
ISU holds much promise. Temperature-phased anaerobic digestion (TPAD) process was 
developed at Iowa State University (ISU) in early 90's. It is regarded as one of the innovative 
sludge digestion processes with more than 15 full-scale installations nationwide. TPAD 
process operates at high thermophilic temperature (typically 55 °C) in the first stage followed 
by lower mesophilic temperature (typically 3 5 °C) in the second stage. A series of bench and 
pilot-scale studies conducted at ISU in the past demonstrated that the TPAD system is 
capable of producing Class A biosolids, the highest ranked stabilized sludge for land 
application specified by the US EPA 40 CFR Part 503 regulations. 
Serious debate is on going to restrict the landfill of grocery store waste such as 
produce, cardboard, deli and other post consumer products and to adopt a wider practice of 
waste recycling and byproduct recovery. By combining the mesophilic and thermophilic 
digestion processes in a temperature phased treatment system, TPAD process offers the 
advantages of rapid digestion rate of complex waste coupled with production of Class A 
biosolids and biogas. More importantly, TPAD process enhances the oil &grease 
biodegradation that is found in high fat-content waste streams such as post-consumer food 
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waste streams rich in meats, dairy products and fatty greases which are regarded as rate 
limiting step in mesophilic anaerobic digestion alone. Moreover, the degradation of wax-
coated cardboard, which is also a part of the grocery store waste, could be enhanced at 
thermophilic condition. From these perspectives, ISU in collaboration with Universal Entech 
— a waste processing and recycling company initiated a joint research and technology 
development program to convert the waste into valuable byproducts. One of the treatment 
modules being investigated at ISU is shown in Figure 1.1. In this study, the feasibility of 
anaerobic digestibility of food waste together with wax-coated cardboard was investigated 
using abench-scale TPAD system operating at semi-continuously feeding mode. 
Thesis Organization 
The thesis consists of four chapters. Chapter 1 is a general introduction providing a 
brief description of the TPAD process and preview of the research. Chapter 2 and 3 are 
separate manuscripts encompassing the previous work in the field and detailing the findings 
of the research project. Chapter 3 is a paper entitled "Temperature-Phased Anaerobic 
Digestion (TPAD) for Waste Treatment and Resource Recovery" which summarizes the 
previous studies of TPAD system. This paper partially serves as a literature review of the 
thesis. The second manuscript entitled "Temperature-Phased Anaerobic Digestion (TPAD) 
of Food Waste together with Wax-coated Cardboard" presents the findings from the pilot 
study of TPAD system conducted to evaluate the performance of TPAD treating grocery food 
waste. The references for the two papers are listed at the end of each manuscript, while those 
of all five chapters are listed at the end of the thesis. 
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Figure 1.1. TPAD system for waste treatment and by-product recovery 
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CHAPTER 2. TEMPERATURE-PHASED ANAEROBIC DIGESTION 
(TPAD) FOR WASTE TREATMENT AND RESOURCE RECOVERY 
A paper presented at 7th International Symposium on Building and Urban 
Environmental Engineering 2003, Tianjin, China 
Cheng Li, Shihwu Sung and Samir K Khanal 
Abstract 
Temperature-Phased Anaerobic Digestion (TPAD) is a high-rate anaerobic digestion 
process developed at Iowa State University (ISU) in early 90's. It is regarded as one of the 
innovative sludge digestion processes with more than 15 full-scale installations in the United 
States. TPAD process operates at high thermophilic temperature (typically 55 °C) in the first 
stage followed by lower mesophilic temperature (typically 35 °C) in the second stage. In 
such arrangement, the thermophilic reactor enhances the hydrolysis and pathogen destruction 
whereas the mesophilic reactor acts as a polishing unit thereby alleviates the high volatile 
fatty acids and process instability associated with thermophilic reactor alone. A series of 
bench and pilot-scale studies conducted at ISU in the past demonstrated that the TPAD 
system is capable of producing Class A biosolids, the highest ranked stabilized sludge for 
land application specified by the US EPA in 40 CFR Part 503. The temperature-phased 
system was initially developed for the digestion of sewage sludge. Later, it was extended to 
treat high solids content waste such as animal waste (e.g. cattle manure). Lately, TPAD 
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system is being investigated for the co-digestion of food waste with wax-coated cardboard 
and punch manure. 
Keywords 
Anaerobic digestion, animal waste, cattle manure, Class A biosolids, food waste, municipal 
sludge, temperature-phased anaerobic digestion (TPAD) 
Introduction 
Growing environmental awareness and public health concerns have led to the 
implementation of more stringent environmental regulations. Such regulations limit the 
options for direct disposal of the wastes. Therefore, the waste generators are compelled to 
adopt efficient and reliable waste treatment system that meets the regulatory compliance. 
Waste treatment is not a profit making business (Rittmann and McCarty, 2000). However, if 
the waste treatment could be linked to byproduct recovery, it may provide an incentive to 
waste generators to set-up a waste treatment facility. The efficient waste treatment capability 
coupled with a potential of by-product recovery stimulated interest in anaerobic digestion in 
recent years. 
Anaerobic digestion offers substantial economic benefits from reduced sludge 
production, lower nutrients and energy requirements. It plays a dual role of converting 
organic wastes into valuable byproducts e.g. soil conditioners, biofertilizers and biogas, and 
reducing the environmental pollution associated with haphazard disposal of untreated wastes. 
Researchers have studied the anaerobic digestibility of different high solids feedstock, e.g. 
sewage sludge (primary solids and/or waste activated sludge), agricultural residuals, animal 
manures, food processing residuals etc. Abroad array of anaerobic digestion systems has 
been studied for the treatment of these wastes. Majority of these digestion systems operate at 
mesophilic temperatures (35-40°C). Though effective in reducing the organic content of 
wastes, studies have reported the survival of pathogens at mesophilic temperatures (Kearney 
et al., 1993). The recently implemented 40 CFR Part 503 federal regulations by US EPA, 
which classify biosolids as Class A or Class B based on the density (numbers/unit mass) of 
pathogens, restrict the land application or surface disposal of biosolids based on pathogen 
levels. To meet Class A standards, fecal coliform and Salmonella sp. densities in the 
biosolids should be less than 1,000 MPN/g of TS and 3 MPN/4 g of TS, respectively (US 
EPA, 1992, 1994). 
The mesophilic anaerobic digestion systems can achieve only limited destruction of 
pathogens thereby restricting the beneficial use of biosolids, which significantly affects the 
sustainability and cost effectiveness of the process. Besides, the recalcitrant organics in 
livestock manures may only be partially degraded at mesophilic temperatures. The oil & 
grease biodegradation of high fat-content waste streams such as post-consumer food waste 
streams rich in meats, dairy products and fatty greases is regarded as rate limiting step in a 
mesophilic anaerobic digestion alone. From these perspectives, there is a need for new and 
improved anaerobic system if the waste digestibility and biogas potential of the waste streams 
are to be fully realized. 
Among the innovative advanced digestion systems, the TPAD system developed at 
ISU holds much promise. The TPAD is a two-stage anaerobic digestion system, which 
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consists of two completely mixed reactors in series, operated at higher thermophilic 
temperature (typically 55°C) in the first stage and lower mesophilic temperature (typically 
35°C) in the second stage. The operation at thermophilic temperature could improve the rate 
of degradation of complex organics and minimize chances of survival of pathogens. 
However, thermophilic operation has not received wide spread acceptance due to its reported 
disadvantages such as poor process stability, high-energy requirement, and poor effluent 
quality and process instability. By combining the thermophilic and mesophilic digestion 
processes into one, the benefits of both while eliminating the problems associated with these 
systems when operated independently could be achieved. The temperature-phased 
arrangement utilizes the mesophilic reactor as a polishing stage alleviating the drawbacks of 
thermophilic process. A series of bench and pilot-scale studies conducted at ISU in the past 
demonstrated that the TPAD system could achieve improved pathogen destruction, volatile 
solids removal, and gas production compared to conventional mesophilic digestion, as well as 
producing Class A biosolids, the highest ranked stabilized sludge for land application 
specified by the US EPA in 40 CFR Part 503. Since its development in early 90's, more than 
15 full-scale TPAD systems have been built in the United States. 
The temperature-phased system was initially developed for the digestion of sewage 
sludge. Later, it was extended to treat high solids content waste such as animal waste (e.g. 
cattle manure). Lately, the TPAD system is being investigated for the treatibility of food 
waste together with wax-coated cardboard. This paper summarizes some of the findings of 
TPAD study conducted at ISU in the past as well as on-going study on food waste. 
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Materials and Methods 
Experiment Setup 
Two bench-scale cylindrical PlexiglasTM reactors as shown in Figure 2.1 were used in 
these studies. The first stage thermophilic reactor had a working volume of 12 L and the 
second stage mesophilic reactor had a working volume of 18 L. The reactors were designed 
with several ports for mixer, feed inlet, effluent outlet and gas release. In order to improve 
mixing, each reactor was provided with four 1.3 -cm baffles running along the height of the 
reactor. The gas collection system consisted of a gas reservoir, a gas observation tube, a 
hydrogen sulfide scrubber with steel wool as the scrubbing medium, a gas sampling port and 
a wet-tip gas meter (GCA, Precision Scientific, Chicago, IL, USA). 
Waste: Source and Characteristics 
Municipal sludge: A mixture of 50%primary sludge (PS) and 50% waste activated 
sludge (WAS) was fed to the reactors (by volume). The sludge combination, which was 
obtained from the City of Marshalltown Wastewater Treatment Facility, IA, USA, was 
dewatered or diluted initially to 4%total solids (TS) concentration using a laboratory 
centrifuge (IEC PR-7000) or with desired quantity of dilution water. The mixed sludge was 
stored in a refrigerator at 4°C before feeding to the system. The characteristics of the primary 
and waste activated sludge are shown in Table 2.1 (Han et al., 1997). 
Cattle waste: Dairy manure (feces and urine) from cows weighing over 1000 lbs was 
obtained on a bi-weekly basis from the ISU dairy. The high grain-finishing ration fed to the 
cattle was primarily composed of alfalfa silage (30% by weight), corn silage (20% by 
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weight), corn glut (1 S% by weight) and ground corn grain (15% by weight). Manure scraped 
off concrete floored pens had a TS concentration of 15~ 1 %. Prior to use, the manure was 
mixed with the desired quantity of dilution water and macerated in a blender for 15-20 min. 
This was done to reduce potential clogging of digester tubings. Angelidaki et al. (2000) 
reported maceration as a physical means of reducing the association of lignin with 
biodegradable cellulosic fraction of biofibers thereby improving the substrate accessibility to 
bacteria. 
Food waste with cardboard: Food waste that represents the putrescible fraction of the 
grocery store waste was obtained from the local grocery store. The food waste consisted of 
produce, deli and wax-coated cardboard. Table 2.2 shows the components of waste fed to the 
TPAD reactors. Since the grocery waste always comes with considerable amount of wax-
cardboard containers, it will be uneconomical to separate them before digestion from 
engineering stand point. To address this issue and also to investigate the effect of cardboard 
on anaerobic digestibility, the food waste was combined with 5 %wax-coated cardboard by 
weight (20% by volume). After shredding and grinding the wastes, it was homogenized to 
achieve about 7% total solids (TS) content. The prepared feed was then stored at 4 °C. 
Co-digestion of food waste and punch manure: In another bench-scale study, the 
feedstock for co-digestion was prepared by mixing the food waste (composition shown in 
Table 2.2) with punch manure obtained from beef cattle slaughterhouse. The food waste and 
punch manure were mixed in 50: 50 ratio (by weight). The characteristics of the food waste 
and cattle manure are shown in Table 2.3. 
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Operation Conditions 
The reactor system was operated in a constant temperature room maintained at 
37 1°C. The first stage thermophilic reactor was set up in a 55 1°C water-bath (Fisher 
Isotemp 2100, Pittsburgh). Both reactors were operated in asemi-continuous mode of 
feeding. The effluent from the thermophilic reactor was discharged into the mesophilic 
reactor followed by pumping of fresh feed into the thermophilic reactor. Effluent was 
withdrawn from the reactors S min prior to feeding to avoid the possibility of short-circuiting. 
The contents of the two reactors were mechanically mixed for 10 min in every 30 min. 
Analysis 
In the daily operation of TPAD system, effluent pH and biogas production rate from 
each reactor were recorded. The measured biogas volume was corrected to standard 
temperature and pressure conditions (temperature: 0°C and pressure: 1 atmosphere). The 
composition of biogas was analyzed twice weekly using gas chromatography (Model 350 
Gow-Mac Instruments Co., Bridgewater, New Jersey) equipped with a thermal conductivity 
detector. The column was a 2.43 mX 0.64 cm S S 3 S OB Hayesep DB 80/ 100 and the 
operational temperatures of the injection port, oven and the detector were 150, 50, and 
100°C, respectively. Helium was used as the carrier gas at a flow rate of 140 mL/min. Gas 
detection tubes with LP-1200 pump (RAE systems Inc., Sunnyvale, CA) were used for 
detection of hydrogen sulfide and ammonia in the biogas. After the reactors had attained a 
quasi-steady-state (presumed after a minimum of 3 volume turnovers and less than 5% 
variation in biogas production during S consecutive days of operation), the digested sludge 
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was analyzed for TS, VS, volatile fatty acids (VFA), alkalinity, ammonia nitrogen and total 
Kjeldahl nitrogen (TKN) twice weekly following the procedures listed in Standards Methods 
(APHA, 1995). Samples were stored in an ice and shipped overnight to a certified contract 
laboratory (University of Iowa, Iowa City, IA) for pathogen analysis. 
Results and Discussion 
Municipal Sludge 
The biogas composition measured at different solid retention time (SRT) was not 
significantly different for both mesophilic and thermophilic reactors. The mesophilic reactor 
had a methane content of 65 - 72%, carbon dioxide of 24 - 27% and nitrogen of 2- S%. The 
thermophilic reactor had slightly lower methane content of 64 - 68%, whereas carbon dioxide 
was 27 - 3 0% and nitrogen was 3 - 5 %. With regards to methane production rate, about 0.5 
L/g VS destruction was obtained. The TPAD system was found to enhance the hydrolysis of 
waste activated sludge (WAS) and thus availed the substrate to acidogenic and methanogenic 
bacteria. Although VFAs in the thermophilic stage were as high as 2,000 mg/L as acetic acid, 
their level in mesophilic stage was significantly low at about 200 mg/L as acetic acid. 
The TPAD system achieved an average of six log reduction (99.9999%) in fecal 
coliform. The effluent fecal coliform count was always far below 1000 MPN/g TS. Thus, the 
TPAD system played a major role in coliform destruction (Han and Dague, 1997). 
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Cattle Waste 
For cattle waste digestion, the TPAD system was run at a 14-day SRT with the 
thermophilic unit at 4 days and the mesophilic unit at 10 days. To determine the extent of 
anaerobic biodegradation of dairy cattle manure at varying VS loadings, the TPAD system 
was subjected to six different TS concentrations referred to as Runs 1 through 6. 
Corresponding to the TS concentrations, the organic loading rate to the system varied from 
1.87 to 7.70 g VS/L-d. The average feed compositions are summarized in Table 2.4 (Sung 
and Santha, 2003). 
The TPAD performance with respect to solids destruction for different runs is shown 
in Table 2.5. It is evident that the system performance is heavily dependent on the 
performance of the thermophilic reactor, while the mesophilic reactor improves the effluent 
quality by consistently achieving additional 12-17% VS reduction. The system achieved VS 
removals greater than 38%, the value specified in the 40 CFR Part 503 regulations to 
minimize vector attraction, at all but two of the TS concentrations studied. The maximum 
VS removal of 42.6% was achieved at a TS concentration of 10.35% (5.82 g VS/L-d), 
determined as the optimum loading for the system. 
The methane recovery from the wastes ranged from 0.21-0.22 L CH4/g VS fed for 
Runs 1 through 4 (Figure 2.3). The biogas from the thermophilic and mesophilic reactors 
contained 5 8-62% methane (by volume), the remaining being mainly carbon dioxide. 
Methane production rates from the thermophilic stage were higher than the mesophilic 
reactor in concordance with the higher VS destruction achieved in the thermophilic reactor. 
However, the mesophilic reactor produced greater quantity of methane per gram of VS 
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destroyed at all organic loadings than the thermophilic stage. This suggests that the 
thermophilic reactor was not efficient in converting all the intermediate products to methane. 
However, the second-stage mesophilic reactor readily consumed these intermediates ensuring 
high effluent quality. Beyond the optimal loading of 5.82 g VS/L-d, there was a drop in the 
biogas production and methane recovery. This suggested that the system would be 
overloaded if operated at organic loading in excess of 5.82 g VS/L-d. 
With respect to pathogen destruction, the indicator organisms in the thermophilic and 
mesophilic effluents were much lower than the limits specified by U. S. EPA for Class A 
designation. The high pathogen destruction achieved could be attributed to the combined 
effect of high operating temperatures and high volatile fatty acid concentrations in the 
thermophilic reactor. 
Food Waste with Cardboard 
For food waste digestion, the TPAD system was operated at a 15-day retention time 
with the thermophilic unit at 5 days and the mesophilic unit at 10 days. The system achieved 
40 - 50% VS destruction in the thermophilic reactor whereas the mesophilic reactor removed 
additional 15-20% VS. At overall OLR of 4.0 g VS/L-d, the TPAD system was able to 
degrade 55 - 60% of influent VS with overall methane production of 0.39 L/g of VS 
destroyed. The feed pH was low in the range of 4.5-5.0 due to fruits and vegetables in the 
waste (produce) which required supplementation of significant amount of alkalinity to 
maintain a neutral pH in the thermophilic reactor. Without alkalinity addition, the 
performance of thermophilic reactor was unstable. However, the performance of the 
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mesophilic reactor was not significantly affected. Food waste was found to contain sufficient 
nutrients and trace metals and thus enhanced the biodegradability ofwax-coated cardboard. 
Co-digestion of Food Waste and Punch Manure 
This study was conducted to evaluate the extent of anaerobic co-digestion of food 
waste and punch manure from beef cattle slaughter house at varying OLR in TPAD system 
(Table 2.6). The feed pH was low in the range of 5.0-5.5, which again required 
supplementation of significant amount of alkalinity (sodium bicarbonate) to maintain a 
neutral pH in the thermophilic reactor. The biogas from mesophilic reactor contained 60-65% 
methane (by volume) while the thermophilic reactor had a lower methane content of 45-50% 
because the high bicarbonate concentration resulted in higher carbon dioxide content in 
biogas. 
Engineering Implication 
By product Recovery 
In recent years, serious debate is on going to restrict the landfill of municipal 
wastewater treatment plant (WWTP) sludge, livestock waste, food waste and other post 
consumer products to adopt a wider practice of waste recycling and byproduct recovery. 
Besides, direct land application of WWTP sludge is often restricted by the stringent 
regulation. From these perspectives, TPAD system offers the advantages of rapid digestion of 
complex waste coupled with production of Class A biosolids and biogas as energy source. 
TPAD process generates energy well excess of that needed to heat the digesters. 
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Full-scale TPAD Performance 
Over 15 full-scale TPAD systems treating WWTP sludge have been installed 
nationwide in the United States. These TPAD system achieved pathogen reduction, vS 
destruction and methane production well above the value obtained in the bench-scale studies 
at ISU. The plant operators have experienced few, if any, operating problems and the 
systems have shown a high buffering capacity to meet potential upset conditions. The 
dewatering of the digested sludge has been more efficient without foaming problem than the 
traditional mesophilic operation. Thus, considerable full-scale experiences are now available 
in operating the TPAD system. 
TPAD System in Asian Countries 
TPAD system is considered equally applicable to fastest growing and densely 
populated East and Southeast Asian countries where the waste disposal options are limited 
andlor stringent standards are set-up for ultimate disposal. In China, the government has been 
addressing the issue of renewable energy development as early as 90's by setting up the 
Department of Resources Conservation and Comprehensive Utilization (DRCCU) under the 
State Economic and Trade Commission (STEC). DRCCU aims at promoting anaerobic 
digestion technology to treat industrial and agricultural wastes and produce biogas 
(www.drecu.org.cn). In developing countries like China, a wider application of TPAD system 
has two major benefits: 
• Improvement in health and sanitation through waste treatment 
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• Resource recovery through: 
- Generation of energy for house-hold activities e.g. cooking, lighting, heating, running 
small scale businesses such as poultry and silkworm farming. 
- Reuse of digested materials (biosolids) as a fertilizer to supplement nutrients 
(nitrogen, and phosphorus) and humus materials to crops. 
Summary and Conclusion 
Anaerobic digestion of high solid content wastes using the TPAD technology not only 
recovers methane as energy by-product, but also provides pathogen-free high nutrient 
biosolids. The arrangement of two reactors in series, with the thermophilic unit as the first 
stage followed by the mesophilic unit, takes advantage of both thermophilic and mesophilic 
conditions. The thermophilic stage enhances the hydrolysis of recalcitrant organics in 
organic wastes and makes them available for acidogenic and methanogenic bacteria. The 
thermophilic unit operated at a higher temperature and VS loading, achieves higher VS 
destruction rate. The second mesophilic stage acts as a polishing unit converting the partially 
digested organics to methane and carbon dioxide. Conventional mesophilic systems could be 
modified to two-stage systems by upgrading one of the mesophilic units to thermophilic 
reactor. In practice, it would also be beneficial to place an effluent heat exchanger on the 
first stage thermophilic digester. This approach could reduce the temperature of thermophilic 
effluent to the optimum mesophilic level and recover a portion of the energy used in raising 
the temperature of the incoming waste stream to the thermophilic level. 
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CHAPTER 3. TEMPERATURE-PHASED ANAEROBIC DIGESTION 
(TPAD) OF FOOD WASTE TOGETHER WITH WAX-COATED 
CARDBOARD 
A paper presented at Asian Water~Qual 2003, Bangkok, Thailand 
Cheng Li, Jae Ho Ho, Samir Kumar Khanal, and Shihwu Sung 
Abstract 
Temperature-phased anaerobic digestion (TPAD) process was developed at Iowa 
State University (ISU) in early 90's. The TPAD process combines the mesophilic and 
thermophilic digestion processes in a temperature phased treatment system and thus offers 
the advantages of rapid digestion of complex waste coupled with production of Class A 
biosolids and higher biogas generation. More importantly, TPAD process enhances the oil & 
grease biodegradation that is found in high fat-content waste streams such as post-consumer 
food waste streams rich in meats, dairy products and fatty greases which are regarded as rate 
limiting step in a mesophilic digestion alone. The degradation ofwax-coated cardboard, 
which is also a part of the grocery store waste, could be enhanced at thermophilic condition. 
In this study, the feasibility of anaerobic digestibility of food waste together with wax-coated 
cardboard was investigated using abench-scale TPAD system operating at semi-continuously 
feeding mode. The TPAD system was subjected to varying total solids (TS) contents of 2.23 
to 8.19% and varying solid retention time (SRT) of 15 to 30 days. The influent feed 
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consisted of 95% food waste and 5%wax-coated cardboard (by weight). At TS content 
below 8.19% corresponding to a system volatile solids (VS) loading in the range of 1.39 - 
4.07 VS/L/d, the VS removal efficiency was in the range of 68.3 to 71.5%. Under these 
loading conditions, the overall methane yield was 0.51- 0.53 L/g VS destroyed. The 
maximum VS destruction of 71.5% was achieved at a TS content of 3.91 %. The feed pH was 
low in the range of 4.5-5.0 due to fruits and vegetables in the waste, which required 
supplementation of significant amount of alkalinity to maintain an optimal pH of 7.0 to 7.3 in 
the thermophilic reactor. The food waste was found to contain enough nutrients and trace 
elements and thus enhanced the biodegradability ofwax-coated cardboard. 
Keywords 
Anaerobic digestion; food waste; temperature-phased anaerobic digestion (TPAD); 
thermophilic reactor 
Introduction 
Growing environmental awareness and public health concerns have led to the 
implementation of more stringent environmental regulations. Such regulations limit the 
options for direct disposal of the wastes. Therefore, the waste generators are compelled to 
adopt efficient and reliable waste treatment system that meets the regulatory compliance. 
Waste treatment alone is not a profit making business (Rittmann and McCarty, 2000). 
However, if the waste treatment could be linked to byproduct recovery, it may provide an 
incentive to waste generators to set-up a waste treatment facility. The efficient waste 
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treatment capability coupled with a potential of by-product recovery stimulated interest in 
anaerobic digestion in recent years. 
Anaerobic digestion offers substantial economic benefits from reduced sludge 
production, lower nutrients and energy requirements. It plays a dual role of converting 
organic wastes into value added products e.g. soil conditioners and biogas, and reducing the 
environmental pollution associated with haphazard disposal of untreated wastes. Besides, the 
use of anaerobic digestion presents the opportunity to reduce net greenhouse gas emission as 
the process prevents direct emission of gaseous carbon to atmosphere. Researchers have 
studied the anaerobic digestibility of different high solids feedstocks, e.g. sewage sludge 
(primary solids and/or waste activated sludge), agricultural residuals, livestock manures and 
food processing residuals (Dugba et al., 1999; Han et al., 1997; Yu et al., 2002). Abroad 
array of anaerobic digestion systems has been studied for the treatment of these wastes. 
Majority of these digestion systems operate at mesophilic temperature (35-40°C). Though 
effective in reducing the organic content of wastes, studies have reported the survival of 
pathogens at mesophilic temperatures (Kearney et al., 1993). The recently implemented 40 
CFR Part 503 federal regulations by US EPA, which classify biosolids as Class A or Class B 
based on the pathogen counts, restrict the land application or surface disposal of biosolids 
based on pathogen levels (US EPA, 1992, 1994). 
The mesophilic anaerobic digestion systems can achieve only limited destruction of 
pathogens thereby restricting the beneficial use of biosolids, which significantly affects the 
sustainability and cost effectiveness of the process. Besides, the recalcitrant organics in food 
waste may only be partially degraded at mesophilic temperature. The oil and grease 
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biodegradation of high fat-content waste streams such as post-consumer food waste streams 
rich in meats, dairy products and fatty greases is regarded as rate limiting step in a mesophilic 
anaerobic digestion. From these perspectives, there is a need for new and improved 
anaerobic system if the digestibility and biogas potential of the waste streams are to be fully 
realized. 
Among the innovative advanced digestion systems, the temperature-phased anaerobic 
digestion (TPAD) system developed at Iowa State University (ISU) holds much promise. 
The TPAD is a two-stage anaerobic digestion system, which consists of two completely 
mixed reactors in series, operated at a higher thermophilic temperature (typically 55°C) in the 
first stage followed by a lower mesophilic temperature (typically 35°C) in the second stage. 
The operation at thermophilic temperature could improve the rate of degradation of complex 
organics and minimize the chances of survival of pathogens. However, thermophilic 
operation has not received wide spread acceptance due to its reported disadvantages such as 
poor process stability, high-energy requirement, poor effluent quality and process instability. 
By combining the thermophilic and mesophilic digestion processes into one, the benefits of 
both while eliminating the problems associated with these systems when operated 
independently could be achieved. The temperature-phased arrangement utilizes the 
mesophilic reactor as a polishing stage thereby alleviates the drawbacks of thermophilic 
process. A series of bench and pilot-scale studies conducted at ISU in the past demonstrated 
that the TPAD system could achieve improved pathogen destruction, higher volatile solids 
removal and gas production compared to conventional mesophilic digestion, as well as 
producing Class A biosolids. Since its development in early 90's, more than 15 full-scale 
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TPAD systems have been built in the United States to treat municipal sludge. However, the 
performance of TPAD in the digestion of food waste has never been evaluated. This bench-
scale study sought to address this issue. 
Materials and Methods 
Experiment Set-up 
Two bench-scale cylindrical PlexiglasTM reactors as shown in Figure 3.1 were used in 
this study. The first stage thermophilic reactor had a working volume of 12 L and the second 
stage mesophilic reactor had a working volume of 18 L. The reactors were designed with 
several ports for mixer, feed inlet, effluent outlet and gas release. In order to improve mixing, 
each reactor was provided with four 1.3-cm baffles running along the height of the reactor. 
The gas collection system consisted of a gas reservoir, a gas observation tube, a hydrogen 
sulfide scrubber with steel wool as the scrubbing medium, a gas sampling port and awet-tip 
gas meter (GCA, Precision Scientific, Chicago, IL, USA). 
Waste: source and characteristics 
Food waste that represents the putrescible fraction of the grocery store waste was 
obtained from the local grocery store. The food waste consisted of produce, deli and wax-
coated cardboard. The representative components of food waste are shown in Table 3.1. 
Since the grocery waste always comes with a considerable amount of wax-cardboard 
containers, it is uneconomical to separate them from engineering standpoint. To address this 
issue and also to investigate the effect of cardboard on anaerobic digestibility, the food waste 
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was combined with S%wax-coated cardboard by weight (20% by volume). After shredding 
and grinding the wastes using a food disposer (In-Sink-Erator, Racine, WI, USA), it was 
homogenized to achieve about 10% total solids (TS) content. The prepared feed was then 
stored at 4°C. Prior to use, the food waste was mixed with the dilution water and macerated 
in a kitchen blender for 5 - 10 minutes to achieve desired TS levels. This further helped to 
reduce potential clogging of the digester tubings. Sodium bicarbonate (NaHCO3) solution 
(84g/L) was added to increase the pH of food waste to approximately 7.0. 
Operating conditions 
The thermophilic and mesophilic reactors were seeded with 7.SL and 12L actively 
digesting sludge from an ongoing bench scale thermophilic reactor at ISU environmental lab 
and municipal anaerobic digester sludge from a local wastewater treatment plant (Ames, IA), 
respectively. The reactor system was operated in a constant temperature room maintained at 
37 1°C. The first stage thermophilic reactor was set up in a 55 1°C water-bath (Fisher 
Isotemp 2100, Pittsburgh). Both reactors were operated in asemi-continuous mode of 
feeding. Fresh feed was pumped into the thermophilic reactor and the effluent from the 
thermophilic reactor was discharged into the mesophilic reactor. Effluent was withdrawn 
from the reactors 5 min prior to feeding to avoid the possibility of short-circuiting. The 
contents of the two reactors were mechanically mixed for 10 min in every 30 min. 
To determine the performance of TPAD system at varying loading conditions, it was 
subjected to six different runs. The first four runs (Runs 1 through 4) evaluate the TPAD 
performance at different TS contents (also VS loading rates) whereas the latter three runs 
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(Runs 4 through 6) investigate the performance at different SRTs. Table 3.3 summarizes the 
average feed compositions at different runs. 
In the first four runs, the TPAD system was operated at a 15-day SRT with the 
thermophilic unit conducted at 5-day SRT and the mesophilic unit at a 10-day SRT. This 
SRT was selected based on the studies of Han et al. (1997), who suggested that SRT of 11-17 
days was optimum for TPAD systems treating sewage sludge. In the fifth and sixth runs, the 
SRT of TPAD system was then changed to 7.5 + 15 days and 10 + 20 days, respectively. 
Analysis 
The effluent pH and biogas production rate from each reactor were monitored daily. 
pH was measured by pH meter (Cole-Parmer model 05669-20), which was routinely 
calibrated at 25oC with standard pH buffers of 4.0, 7.0, and 10.0. The biogas was measured 
using wet-tip gas meter. The measured biogas volume was corrected to standard temperature 
and pressure conditions (temperature: OoC and pressure: 1 atmosphere). The biogas 
composition was determined twice weekly using gas chromatography (Model 350 Gow-Mac 
Instruments Co., Bridgewater, New Jersey) equipped with a thermal conductivity detector. 
The column was a 2.43 m X 0.64 cm S S 3 S OB Hayesep DB 80/ 100 and the operational 
temperatures of the injection port, oven and the detector were 150, S0, and 100°C, 
respectively. Helium was used as the carrier gas at a flow rate of 140 mL/min. After the 
reactors had attained aquasi-steady-state (presumed after a minimum of 3 volume turnovers 
and less than S% variation in biogas production during S consecutive days of operation), the 
digested sludge was analyzed for TS, vS, volatile fatty acids (VFA) and alkalinity twice 
weekly following the procedures listed in Standards Methods (1995). Carbohydrate and 
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protein were measured by phenol—sulfuric acid method (Herbert et al., 1971) and Lowry— 
Folin method (Lowry et al., 1951), respectively. Total lipids (lipids plus long chain fatty acid) 
concentration was determined gravimetrically after extraction of lipids by petroleum ether, 
according to the Soxlett extraction method reported in Standard Methods (1995). 
Results and Discussion 
Solids seduction 
The performance of TPAD system with respect to COD and VS reduction at different 
runs is presented in Table 3.4. The table illustrates VS and COD removals achieved by the 
individual reactor and by the system at different TS contents. 
It is evident from the data that the system performance was heavily dependent on the 
performance of the thermophilic reactor, while the mesophilic reactor improved the effluent 
quality by consistently achieving additional 19-23% VS destruction. The TPAD performance 
dropped signi~ cantly as the TS content was increased to 8.19% (5.3 8 g VS/L/d) in run 4. 
This data suggests that the decreased in VS removal with increase in TS content (or VS 
loading rate) was apparently due to organic overloading condition. This was because at 
constant feed TS content of 8.19%, when the system SRT was doubled from 5+ 10 day to 
10+20 day, the system performance in terms of VS destruction actually increased from 58.8% 
to 62.9%. The TPAD system was capable of achieving a maximum VS removal of 71.5% at 
a TS content of 3.91 % (2.48 g VS/L/d), which was believed to be the optimum loading for 
the system. Operationally, TS content of 8% or above was extremely difficult to handle in 
bench-scale study due to frequent clogging of tubings. Although, handling higher TS content 
may not be an issue in full-scale TPAD system, energy cost to achieve completely mixed 
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regime at higher TS level would be exorbitant. The recommended optimum TS content 
would be 4% in field scale application. 
Methane ~ecover~y 
Biogas composition at different runs was not significantly different from each other 
(Table 3.5). The methane content of biogas from the thermophilic and mesophilic reactors 
varied from 45 to 60% by volume with carbon dioxide being the other major constituent. 
The methane content in biogas was lower than that from sewage sludge and animal waste 
(Han and Dague, 1997; Sung and Santha, 2003). This was partly contributed by the addition 
of NaHCO3 in the feed to supplement alkalinity. Another possible reason could be the waste 
composition per se. The food waste primarily consisted of carbohydrates, which accounted 
for 50-70% of feed VS. Carbohydrate rich waste has potential to generate higher carbon 
dioxide compared to proteins and lipids as elucidated in Table 3.6. 
The methane recovery from the food wastes ranged from 0.51 to 0.53 L/g VS 
destroyed for runs 1 through 3 (Figure 3.2). This methane yield was close to that of dairy 
cattle manure, which was about 0.53 L/g VS destroyed (Sung and Hari, 2003). In comparison 
to the thermophilic reactor, the mesophilic reactor produced greater quantity of methane per 
gram of VS destroyed at all VS loadings. This suggested that the thermophilic reactor was 
not efficient in converting all the intermediate products to methane. However, the second-
stage mesophilic reactor readily consumed these intermediates ensuring high effluent quality. 
Beyond the loading of 4.07 g VS/L/d, there was a drop in the biogas production and methane 
recovery. This suggested that the system would be overloaded if operated at organic loadings 
in excess of 4.07 g VS/L/d. 
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Volatile fatty acids and alkalinity 
The variation in volatile fatty acids for two reactors over the range of VS loadings is 
presented in Table 3.7. The concentration of vFAs in the reactor effluents increased 
appreciably with increase in vS loadings. Although the VFAs in the thermophilic stage were 
always high, the vFAs in the mesophilic stage were relatively low for runs 1 to 3. The 
mesophilic stage reduced the vFA concentrations from the thermophilic effluent by 80-90%. 
To maintain a balanced process, the produced vFA must be consumed immediately to avoid 
accumulation. In a properly functioning digester, the alkalinity existing in the feed or 
produced during digestion, neutralizes the organic acids in case of excess production to 
maintain the pH in the optimum range. The VFA/alkalinity ratio is one of a good indication 
for judging the process stability. Figure 3.3 shows that the vFA/alkalinity ratio of mesophilic 
reactor was nearly constant at all organic loading rates. However, a sharp increase was 
observed in the thermophilic reactor when the feeding TS concentration was increased to 
8.19%, indicating an accumulation of vFAs in the system. Switzenbaum et al. (1990) 
reported three critical stages based on vFA/alkalinity ratio: stable digester at ratio < 0.4; 
some instability at ratio 0.4 to 0.8; and signi~ cant instability at ratio > 0.8. Thus, the stability 
of the TPAD system was governed by the stability of thermophilic reactor. Because of low 
pH of food waste, alkalinity in the range of 3,000 to 8,000 mg/L as CaCO3 was constantly 
supplemented in the feed to maintain optimum pH in thermophilic reactor. The co-digestion 
of food waste with high pH waste such as swine manure, dairy waste is currently being 
investigated to minimize the chemical addition. 
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Summary and Conclusion 
Anaerobic digestion of food waste using the TPAD technology not only recovers the 
energy by-product methane, but also provides pathogen-free high nutrient biosolids. The 
arrangement of two reactors in series, with the thermophilic unit as the first stage followed by 
the mesophilic unit, can take advantage of both thermophilic and mesophilic conditions. The 
thermophilic first stage enhances the hydrolysis of some of the recalcitrant organics in food 
waste that makes it available for acidogenic and methanogenic bacteria in the mesophilic 
stage. The thermophilic unit operated at a higher temperature and VS loading, achieves 
higher VS destruction rate. The second mesophilic stage completes the digestion process by 
converting the partially digested organics to methane and carbon dioxide thus fully 
recovering the energy byproduct from food wastes. 
The following conclusions were drawn based on this study: 
• The TPAD system operated at feed TS contents ranging from 2.23-8.19% and a 
system retention time of 15 days achieved 58.8-71.5 %reduction in VS. The 
thermophilic stage accounted for approximately 50-60% of the reduction with the 
mesophilic stage contributing an additiona120%. 
• At 15-day SRT, the maximum VS removal of 71.5% was achieved at an organic 
loading of 3.91 g VS/L/d, which was established as the optimum loading for this 
system. 
• Around 80% of the biogas produced was from the thermophilic stage, consistent 
with the higher volatile solids destruction in the thermophilic reactor. The methane 
recovery from the system ranged from 0.51-0. S 3 L CH4/g V S destroyed. 
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• Though there was an increase in VFA concentration in the thermophilic reactor, 
the mesophilic reactor maintained a good effluent quality under optimal loading 
conditions. 
A possible shortcoming of the TPAD treating food waste is the chemical addition in 
feed to increase to maintain optimum pH in thermophilic. 
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Table 3.2. Characteristics of food waste 
Parameters Average 
TS (g/L) 91.3 
VS (g/L) 79.6 
COD (g/L) 112.6 
Soluble COD (g/L) 43.0 
Carbohydrates (g/L) 42.5 
Proteins (g/L) 19.8 
Lipids (g/L) 11.2 
VFA (g/L as acetic acid) 1.2 
pH 4.3 
TKN (g/L as N) 1.0 
Total Phosphorous (g/L as N) 0.4 
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Figure 3.2. Methane recovery at different organic loadings under the same 
SRT during runs 1 through 4 
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Figure 3.3. VFA/alkalinity profiles for thermophilic /mesophilic reactors during 
runs 1 through 4 
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